During the past 60 yr, irrigated agriculture has significantly expanded in landscapes overlying the productive, coarse-grained glacial aquifers in the northern Great Lakes states of Wisconsin, Minnesota, and Michigan. The same aquifers used for irrigation also supply water to streams, lakes, and wetlands and their associated ecosystems, which are extremely sensitive to the first few meters of groundwater depletion (Watson et al., 2014) . Although the humid northern Great Lakes states are not usually considered water-limited for agriculture, these regions with coarse soils have limited water holding capacity; hence productivity and profitability benefit from irrigation. Growers use supplemental groundwater irrigation to maintain agricultural soils at 75 to 90% of field capacity to grow vegetable crops with high demand for water and aeration (Curwen and Massie, 1994) as well as field corn, soybean [Glycine max (L.) Merr.], and forage. Pumping and distributing groundwater from high-capacity wells via center-pivot irrigation systems alters the timing and magnitude of evapotranspiration (ET) and recharge in these landscapes, thereby altering the groundwater supply to streams, lakes, and wetlands. In this context, we define groundwater recharge as the net downward flux of water to the aquifer, which is the total downward flux minus the upward flux of groundwater extracted for irrigation,
Core Ideas
• Groundwater in humid regions should be managed for services, not depletion.
• Climate variability can be a greater driver of potential recharge than crop type.
• Soil texture can be a significant driver of point-based potential recharge estimates.
• Crop phenology may not be predictive of point-based potential recharge estimates.
the latter expressed as volume per irrigated area. This definition of recharge as a net downward flux has been demonstrated to be a better indicator of aquifer depletion than the total downward flux because it accounts for irrigation extraction (Scanlon et al., 2012; Yang et al., 2015) .
The Wisconsin Central Sands (WCS) exemplifies irrigated agriculture in the northern Great Lakes region; the WCS is a region that uses more than 2100 high-capacity wells to irrigate approximately 86,500 ha of potato, corn (field and sweet), pea, and snap bean (Phaseolus vulgaris L. var. vulgaris), which comprise a US$550 million production industry (Smail, 2016; Keene and Mitchell, 2010) . The WCS is physically delineated as the 630,000-ha region bounded by the Wisconsin River on the west and the headwater streams of the Fox and Wolf river basins on the east (Fig. 1A , red box). Hydrogeologically, the WCS region is characterized by a coarse-grained, glacial drift aquifer typically >30 m thick and a water table 3 to 20 m below the surface. Although irrigation is mainly supplemental in the Great Lakes states, it has been considered economically advantageous in the WCS since it tripled yields and alleviated drought risk from the fast-draining, sandy soils in the 1950s (French and Lynch, 1957) . The WCS growers pump groundwater via high-capacity wells from the unconfined aquifer that also supports 1000 km of headwater trout streams, 80 lakes, and extensive wetlands (Kraft et al., 2012; Smail, 2016) . Pumping effects on water levels and streamflows were already observable when there were ?700 high-capacity wells in the WCS in the late 1960s (Weeks and Stangland, 1971) . However, irrigated land use conversion continued, and by the mid 2000s there were >3000 high-capacity wells in the WCS, and severe pumping impacts to streams, lakes, and wetlands were observed during a period of only modestly dry weather (Smail, 2016; Kraft et al., 2012) . Among the impacts were the seasonal drying of stretches of the Little Plover River in 2005 to 2009, a Class I trout stream that holds recreational and spiritual value for aquatic stakeholders in the WCS (Kraft and Mechenich, 2010; Kraft et al., 2012) , which also was the subject of groundwater-surface water interaction studies conducted by the USGS in the early 1960s (Weeks et al., 1965) . The groundwater declines, surface water stresses, and ongoing irrigation expansion in this region fuel a community conflict over water resources in a changing climate.
The average annual precipitation of the WCS ranges from 790 to 810 mm, which is typically partitioned into 60 to 70% ET and 30 to 40% recharge (Kucharik et al., 2010; Motew and Kucharik, 2013) . Historical studies documenting regional climate change from 1948 to 2007 have shown increases in annual precipitation of 100 to 200 mm and June to August precipitation of 50 to 100 mm, with 70% of the increased precipitation partitioned to groundwater recharge during past 60 yr under native potential vegetation (Motew and Kucharik, 2013; Kucharik et al., 2010) . These findings suggest that climate change cannot account for the observed groundwater declines and surface water stresses in the WCS because groundwater recharge should have increased in the absence of conversion to irrigated land cover. A reduction in annual recharge (equivalent to net consumed irrigation) of 45 mm on irrigated lands is sufficient to explain the observed hydrological stresses and groundwater level declines of the 2000s across the WCS region (Kraft et al., 2012) , and we hypothesize that a commensurate annual increase in ET from irrigated cropping systems may be responsible for the recharge reduction.
Because overland flow is negligible on the flat, sandy landscape of the WCS, recharge has been measured and modeled as the difference between precipitation and ET, where the change in soil moisture storage (DS) is incorporated at weekly or shorter timescales and assumed negligible at monthly or longer timescales because of limited water holding capacity (Weeks et al, 1965; Tanner and Gardner, 1974; Weeks and Stangland, 1971; Kraft et al., 2012; Bradbury et al., 2017) . Surface runoff is also considered negligible at the field scale because of the high infiltration rates of the sandy soils (Tanner and Gardner, 1974; Weeks and Stangland, 1971; Kraft et al., 2012) . Evapotranspiration has been modeled for different WCS vegetable crops and other land covers using crop coefficient approaches (Weeks and Stangland, 1971; Bradbury et al., 2017) and weighing lysimeters (Black et al., 1970; Tanner and Gardner, 1974) . Because it has been assumed that precipitation does not change with crop type, differences in recharge among land covers have been measured and modeled as differences in ET (Weeks and Stangland, 1971; Tanner and Gardner, 1974; Kraft et al., 2012; Bradbury et al., 2017) . Thus, current estimates of the WCS water budget at both field and regional scales assume that vegetation type and plant phenological stage are the greatest drivers of recharge and ET from irrigated agroecosystems.
In the WCS, the majority of ET occurs between May and October, and ET between November and April has been estimated at <50 mm using large-scale weighing lysimetry techniques (Tanner and Bouma, 1975) . Previous studies using hydrological models have estimated average annual ET rates of 410, 480, 490, and 630 mm for prairie, deciduous forests, coniferous forests, and phreatophytes, respectively (Weeks and Stangland, 1971; Naber, 2011) . Annual ET rates from irrigated cropping systems have been estimated at 530 to 550 mm using hydrological models and field data from large-scale weighing lysimeters in potato and snap bean agroecosystems (Black et al., 1970; Weeks and Stangland, 1971; Tanner and Gardner, 1974; Naber, 2011) . However, there are no existing field estimates of ET and recharge from irrigated field corn, sweet corn, or pea in the WCS. Moreover, we have little understanding of how current cover crop and residue management impact ET and recharge from irrigated cropping systems during the fall season, which is typically modeled as bare soil (Naber, 2011; Bradbury et al., 2017) . Replicated field-based estimates of ET and recharge are essential in the WCS for numerical modeling and validation, which is a critical step for adaptive management of water resources.
Groundwater regulators and stakeholders require validated numerical models to implement potential water management strategies and evaluate pumping impacts on individual streams, lakes, and wetlands. Several promising regional and local strategies could be implemented in the WCS to manage surface waters, but there is no current regional water management plan in place. Groundwater banking and managed aquifer recharge are regional strategies that buffer the impacts of interannual climate variability on aquifer supply and demand by storing groundwater surpluses during wet years (Arshad et al., 2014; Maliva, 2014; Scanlon et al., 2016) . Inter-field crop rotation is a farm-scale strategy that involves the placement of low-water-demand crops in sensitive areas (i.e., adjacent to streams) or phenologically staggering crops to defer peak water demand from occurring at the same time in the same vicinity (Schneekloth et al., 1991 (Schneekloth et al., , 2009 ). Precision irrigation is a local, subfield-scale strategy that focuses on reducing irrigation by mapping soil variability and installing adjustable-rate irrigation systems to target the spatially heterogeneous water demands of a single field (Sadler et al., 2005; Hedley and Yule, 2009 ). Evapotranspiration and recharge estimates are important for evaluating these water management strategies and also serve as key inputs to numerical VZJ | Advancing Critical Zone Science p. 4 of 22 models used to determine the short-term and cumulative impacts of irrigated agriculture on the local surface waters and the regional groundwater system.
In this study, we quantified potential recharge and ET, and evaluated key biophysical drivers from irrigated cropping systems (field corn, sweet corn, potato, pea). We made replicated, point-based estimates of potential recharge and ET using an extensive network of 96 soil moisture probes and 25 passive capillary lysimeters located below the root zone in the WCS. We define our recharge estimates as potential rather than actual recharge because drainage collection occurred 1 to 3 m above the water table. We also distinguish between point-based estimates of actual ET (AET) estimated from soil moisture and lysimetry data and meteorological indices of evaporative demand such as reference or potential ET (RET or PET, respectively) in this study. Our study objectives were to: (i) quantify potential recharge and AET from irrigated cropping systems in the WCS; (ii) compare water use among different irrigated cropping systems; and (iii) identify and evaluate the biophysical drivers of recharge in the WCS.
6 Materials and Methods
Site Description
We estimated WCS potential recharge and AET in a field experiment on Isherwood Farms (Fig. 1B , blue box), a 600-ha, sixth-generation family farm with 40 ha of woodland and 7 km of stream edge southeast of the village of Plover, WI. Between 2013 and 2016, we instrumented six fields (H, G, P, L, E, and W) to infer water budgets from field corn, sweet corn, potato, and pea crop rotations ( Fig. 2 ; Table 1 ). Typically, a post-harvest oat (Avena sativa L.) cover crop follows sweet corn and potato rotations, which are harvested in the beginning of September. Field corn typically senesces by the end of September and is harvested in early November after a 1-mo dry-down period to reduce kernel moisture content. Crop residue is used as a post-harvest cover after field corn rotations. Forage pearl millet is a relatively novel cover crop that follows short-season pea or bean in the WCS to significantly reduce root lesion nematode populations and metam-sodium (sod ium N-methylcarbamodithioate) application costs in potato rotations the following year (MacGuidwin et al., 2012) . Soils in four of the six fields (H, G, P, and L) are the well-drained Richford series (loamy, mixed, superactive, mesic Arenic Hapludalfs), which are typically classified as loamy sand, sandy loam, or sand textures (Soil Survey Staff, 2008; Otter and Fiala, 1978) . The other two fields (E and W) are closer to a glacial moraine with increased gravel content and are in the well-drained Rosholt series (coarseloamy, mixed, superactive, frigid, Haplic Glossudalfs), which are also typically classified as loamy sand, sandy loam, or sand textures (Soil Survey Staff, 2008; Otter and Fiala, 1978) . Crop systems for the 2013 to 2016 experimental seasons (June-November) are specified in Table 1 .
Drainage and Soil Moisture Measurements
We estimated drainage below the root zone using 25 passive capillary lysimeters (Drain Gauge G3, Decagon Devices) on six fields at Isherwood Farms between 2013 and 2015 ( Fig. 2 and 3 (Fig. 3) were targeted to place drainage collection at 1.4 m, which is below the homogenized root zone associated with matrix flow and above the heterogeneous interbedded structures associated with funnel flow in the WCS (Kung, 1990a (Kung, , 1990b . Additional information regarding the theory, installation, and calibration of passive capillary lysimeters is available in the Supplemental Material.
To accommodate agronomic cultivation and management, this study encompassed two experimental time periods with different drainage collection protocols each year from 2013 to 2016. The first 3-mo experimental period (hereafter referred to as summer) began after tillage and planting and ended prior to harvest (JuneAugust). The second 3-mo experimental period (hereafter referred to as fall) extended from harvest through the late fall prior to soil freezing (September-November). During the summer, reservoir water levels were measured at 5-min and weekly time steps for each lysimeter. The cross-sectional surface areas of the collection reservoir and soil monolith (Fig. 3) were used to calculate drainage. Five-minute drainage estimates were made using a differential (Fig. 3) . In 2014, sets of FDR probes were installed near one or two lysimeters per field. Data were recorded from FDR probes using the same dataloggers used for the lysimeters (EM50, Decagon Devices). The FDR probes and dataloggers were removed during the fall experiment to allow harvest and post-harvest activities to freely occur across the experimental sites.
Meteorology, Irrigation, and Reference Evapotranspiration
We installed three weather stations (MET in Fig. 2 ) adjacent to the fields in 2013 according to the World Meteorological Organization guide for agrometeorological observations from fixed stations (Murthy et al., 2010) . A group of complementary instruments measuring precipitation, temperature, relative humidity, wind speed, and solar radiation were mounted on 2-m tripods above grass surfaces (M-TPB-KIT, Onset Computer Corp.). Rain gauges using a tipping bucket mechanism to measure rainfall at 0.25-mm resolution (S-RGA-M0002, Onset Computer Corp.) were mounted at the top of the tripod bases. Twelve-bit temperature and relative humidity smart sensors (S-THB-M002, Onset Computer Corp.) were enclosed in solar radiation shields (RS3, Onset Computer Corp.) and attached to the base of the tripods on the opposite side of the rain gauges. The solar radiation sensors (silicon pyranometers, S-LIB-M003, Onset Computer Corp.) measure spectral response across the 300-to 1100-nm wavelength band and were mounted at 2 m using a south-facing light sensor bracket. Wind speed smart sensors (S-WSB-M003, Onset Computer Corp.) were mounted at 2 m using a north-facing sensor bracket. Measurements were collected every 10 min and recorded using a HOBO (Onset Computer Corp.) micro-station datalogger. Irrigation records were provided by Isherwood farms and validated for timing and magnitude using soil moisture measurements and three additional rain gauges (S-RGA-M0002, Onset Computer Corp.) that received both irrigation and precipitation inputs.
Daily minimum, maximum, and average meteorological measurements were used to estimate RET using the ASCE standardized equations for both a uniform short grass and a relatively taller alfalfa (Medicago sativa L.) crop (Allen et al., 1998; Walter et al., 2000) as a comparison to lysimetry-derived AET values. The RET is a useful index of evaporative demand because it estimates ET from a hypothetical, well-watered, uniform grass at a 0.12-m height with a constant albedo of 0.23 and surface resistance of 0.70 s m −1 or from a well-watered, uniform, alfalfa cropping system at a 0.5-m height with a surface resistance of 45 s m −1 (Walter et al., 2000) . Two meteorological stations malfunctioned during the 2015 field season, so all 2015 precipitation and RET values are derived from the station between fields L and P. Otherwise, the station closest to each field was used to estimate the precipitation and RET. The ASCE RET equations have been primarily validated for reference surfaces in the western and southwestern United States under arid conditions (Evett et al., 2000; Jensen et al., 1990 ) and, to the best of our knowledge, have not been validated in Wisconsin, Minnesota, or Michigan. For this reason, we also estimated evaporative demand using a satellite-based model of the Priestley-Taylor PET equation developed for Wisconsin and Minnesota that has been validated using irrigated crop data from the WCS (Priestley and Taylor, 1972; Jury and Tanner, 1975; Diak et al., 1998) . Satellite-based PriestleyTaylor PET estimates were available for all summer experimental periods; however, they were only available for the entire fall experimental period in 2013 and 2016.
Potential Recharge, Change in Soil Moisture Storage, and Actual Evapotranspiration
We calculated potential net recharge (hereafter referred to as potential recharge) as the difference between drainage and irrigation during the weekly or seasonal (summer or fall) time period. We did not experimentally confirm that drainage observed from the lysimeters always reached the water table. The depth to the water table at Isherwood Farms ranges from 2.5 to 5 m. We observed that drainage at 0.8 m did not always result in drainage at 1.4 m following precipitation events (Supplemental Material), thus we infer that drainage at 1.4 m may not always result in downward flux occurring at the water table. Moreover, our observations revealed a lag of approximately 12 to 18 h between drainage occurring at 0.8 m and drainage collected at 1.4 m following precipitation events (Supplemental Material). At this rate and assuming no funnel flow, there could be an approximate lag of 20 to 108 h between drainage occurring at 1.4 m and downward flux occurring at the water table. Therefore, we designate our measurements as potential rather than actual recharge and acknowledge this as a limitation of our study. Summer potential recharge was determined as the difference between drainage and irrigation both for each week and for the entire summer period. During the fall experiment, harvest and post-harvest activities (tillage, fumigation, soil amendment application) proceeded at different rates across cropping systems, which made the lysimeters inaccessible for pumping during different time periods. Irrigation occurred during the fall experimental period only in 2013. Lysimeters were pumped whenever possible and the fall potential recharge results are presented on a cumulative basis.
For the summer experiment, we estimated weekly DS by linearly extrapolating q values from 0.1 m to the surface, linearly interpolating q values between 0.1 and 0.8 m, and using a nearest neighbor approach to extrapolate q values between 0.8 m and the drainage collection depth for each lysimeter. Weekly summer AET was determined for each lysimeter as the remainder of the other components of the water budget:
where P, G, and D are precipitation, irrigation, and drainage, respectively. Because we installed the lysimeters as open systems above 0.8 m, flux convergence was possible and may constitute a source of error. The drainage to input (D/I) or storage to input (DS/I) ratio is a useful metric for quantifying the extent of flux convergence in passive capillary lysimeter systems, where input (I) is the sum of precipitation and irrigation (Gee et al., 2009) . A D/I or DS/I ratio >1 is a clear indicator that flux convergence occurred during the water budget time period because AET cannot be less than zero (Gee et al., 2009 ). Thus, we excluded data points from lysimeters with D/I or DS/I values >1.0 in the calculation of crop AET. We excluded lysimeters in weekly calculations only for the weeks when they had D/I or DS/I values >1.0. We excluded 5, 19, 13, and 8% of individual weekly estimates in 2013, 2014, 2015, and 2016 , respectively. We calculated weekly single-crop coefficients (Allen et al., 1998) by dividing actual weekly AET estimates by weekly RET and PET estimates. Weekly AET and DS were not calculated during the fall experiment; instead, cumulative fall AET was determined assuming DS was negligible for the 3-mo time period. We justify our assumption of negligible storage during the fall experimental period based on observations of storage, precipitation, and RET between September 2013 and May 2014 (Supplemental Material). We observed that changes in storage are negligible until the beginning of December, when the soil freezes in the WCS and it is challenging to distinguish between the soil moisture transition to ice and soil moisture losses to AET using our experimental configuration. Based on D/I values >1, we excluded 0, 4, 8, and 0% of fall AET estimates in 2013, 2014, 2015, and 2016 , respectively.
Crop Phenology
We collected weekly measurements of leaf area index (LAI, m 2 of single-sided leaf area per m 2 of ground area) during the summer experimental period using a LI-COR LAI-2200 plant canopy analyzer. Because passive capillary lysimeters have a relatively small collection area (507 cm 2 ), we did not limit LAI estimates to the area above each lysimeter. Thus, the footprint of the LAI estimates is the canopy, while the footprint of each water budget estimate is 507 cm 2 . Measurements were taken under diffuse light conditions (e.g., sunrise or sunset) or clear skies. For measurements collected under clear skies, scattering effects were removed using a bidirectional model (Kobayashi et al., 2013) embedded in the post-processing software (FV2200 2.0, LI-COR).
Soil Properties
In May 2015, we collected a total of 144 soil samples (six per lysimeter) within a 5-m radius of the lysimeters using a soil core sampler (AMS Inc.). We observed that the Ap horizon generally extended to 0.3 to 0.4 m below the surface at all sites. Our goal was to quantify the topsoil and subsoil properties at each lysimeter, and we collected three soil samples at a 0-to 0.30-m depth (hereafter referred to as topsoil) and three soil samples at a 0.45-to 0.60-m depth (hereafter referred to as subsoil). Samples were dried at 105°C and sieved through a 2-mm-diameter mesh to quantify the gravel content by weight. Soil organic matter content by weight was determined using the loss-on-ignition method (Heiri et al., 2001) . Soil samples were analyzed for particle size distribution by laser light diffraction (Coulter LS230, Beckman Coulter) using the optical model and parameterization of Arriaga et al. (2006) . We used the complete particle size distribution to quantify sand, silt, and clay percentages and classify the mean topsoil and subsoil texture per lysimeter according to the USDA textural soil classification system.
Data Analyses
To understand the effects of crop phenology, soil properties, and interannual climate variability on the water budget, we developed statistical models for the weekly (summer only) and cumulative experimental periods. We considered each lysimeter and soil moisture site to be a single experimental unit, with crop type and year as categorical independent variables, topsoil and subsoil properties as continuous independent variables (sand, silt, and clay percentages, organic matter content, and elevation), and potential recharge and AET as continuous dependent variables. Because there were not enough replicates to develop covariate models of crop type, year, and soil properties, we statistically isolated crop vs. year vs. soil effects and interpret our model results in a covariate framework. We examined the effect of crop type and year on potential recharge using repeated measures ANOVA models for unbalanced data and Tukey honest significant difference (HSD) post hoc tests (a level 0.05). Linear regressions were used to investigate the effects of elevation, soil texture, and organic matter content on potential recharge.
Because precipitation events in the WCS are likely to increase in magnitude and intensity in a future changing climate (Vavrus and Behnke, 2014) , we sought to better understand the relationship between precipitation and drainage on an event basis. We examined the relationships between crop type, q, soil texture, and drainage during five 2015 summer rain events (out of 16 total) that supplied 60% of the total rainfall and occurred on 15 June, 6 July, 13 July, 7 Aug., and 18 Aug. 2015. For this analysis, we defined antecedent water content (q i ) as the q value logged 1 h prior to the rain event. We operationally defined field capacity (q fc ) for each event as the q value at the approximate inflection point that exists between the steep negative slope associated with gravitational drainage and the shallow negative slope associated with root water uptake and AET from each soil layer. The effect of crop type on q i and drainage were tested for the five events using repeated measures ANOVA models for unbalanced data and Tukey HSD post hoc tests (a level 0.05). Linear regression models were used to understand the relationships between potential recharge, q i , q fc , and soil texture. All statistical analyses were performed using the MATLAB Statistical Toolbox (The MathWorks). A USDA soil texture classification map was created using the R soil texture wizard package (Moeys, 2015) .
6 Results
Summer Crop Water Budgets
All cropping systems had typical yields in 2013 to 2016, and no significant limitations to growth were present from diseases, pests, or nutrient deficiencies. Summer precipitation (June-August) was 194 ± 2, 397 ± 11, 297 ± 4, and 278 ± 11 mm for 2013, 2014, 2015, and 2016, respectively . These values represent a wide range of conditions in Central Wisconsin, where the 100-yr average for summer precipitation is 292 mm (Wisconsin State Climatology Office, 2017b). Average summer temperatures were 19.9, 19.9, 19.5, and 20.8°C for 2013, 2014, 2015, and 2016, (Table 2) . Potato began the summer of 2013 with higher LAI and AET than sweet corn, although there were almost no differences in potential recharge (Fig. 4-6 ).
There were statistically significant differences in weekly AET and potential recharge during the second half of 2013, when the potato canopy began senescing and required less water (Fig. 4-6 ).
During the summer of 2014, potato had the highest AET of 455 ± 37 mm, followed by the pea-pearl millet rotation, field corn, Table 2 . Summer water budgets for the crops investigated in this study, including soil texture, precipitation (P), irrigation (G), drainage (D), the ratio of drainage to total inputs I (P + G), evapotranspiration (ET), and net potential recharge (the difference between D and G).
Cropping system Lysimeters Sand, topsoil Silt, topsoil and sweet corn, which had AET values of 434 ± 16, 431 ± 40, and 405 ± 43 mm, respectively (Table 2 ). There were 3 wk with statistically significant differences in AET among cropping systems in 2014; however, only 1 wk had statistically significant differences in potential recharge (Fig. 4-5 ). During the last 2 wk of high precipitation in the summer of 2014, AET greatly exceeded RET and PET (Fig. 5) . Potato had the maximum peak LAI in 2014 followed by pea, while pea had the maximum peak LAI in 2015 followed by potato (Fig. 5-6 ). Field corn and sweet corn ranked third and fourth, respectively, in peak LAI during both the 2014 and 2015 summer experiments (Fig. 6) . Field corn had the highest peak LAI in 2016, followed by sweet corn and potato, respectively (Fig. 6) . The summer of 2015 demonstrated the largest differences in AET among cropping systems. where pea-pearl millet had the highest AET of 417 ± 33 mm, followed by field corn, potato, and sweet corn, which had AET values of 385 ± 31, 331 ± 34, and 303 ± 28 mm, respectively (Table 2) . In both 2015 and 2016, 5 wk had statistically significant differences in AET among cropping systems. In 2015, 4 wk had statistically significant differences in potential recharge among cropping systems (Fig. 4-5) . However, only the last week of the summer of 2015 had statistically significant differences in both potential recharge and AET among cropping systems (Fig. 4-5 ).
In 2016, there were only 2 wk with statistically significant differences in potential recharge among cropping systems, and they both also had statistically significant differences in AET. Field corn, sweet corn, and potato ranked from highest to lowest in summer ET for 2016, with values of 373 ± 39, 342 ± 34, and 322 ± 36 mm, respectively.
Using short-grass RET and lysimetry-derived AET measurements, summer weekly crop coefficients averaged 1.2 ± 0.7, 1.2 ± 0.5, 1.3 ± 0.6, and 1.5 ± 0.9 across all 4 yr for potato, sweet corn, field corn, and pea-pearl millet, respectively. Summer crop coefficients calculated using alfalfa RET averaged 1.07 ± 0.64, 1.05 ± 0.47, 1.18 ± 0.59, and 1.32 ± 0.82 across all 4 yr for potato, sweet corn, field corn, and pea-pearl millet, respectively. Summer crop coefficients calculated using Priestley-Taylor PET were the lowest and averaged 0.91 ± 46, 0.87 ± 0.35, 0.96 ± 0.42, and 1.06 ± 0.57 across all 4 yr for potato, field corn, and pea-pearl millet, respectively. There were no statistically significant relationships between LAI estimates and lysimetry-derived crop coefficients for individual crops or across all cropping systems (Fig. 7 ).
There were statistically significant differences (F = 5.039, p = 0.0031) in summer potential recharge averaged across all cropping systems between 2013, 2014, 2015, and 2016, which were −163 ± 72, 147 ± 266, 68 ± 166, and 9 ± 157 mm, respectively. There was significantly lower potential recharge in 2013 than 2014 to 2016, reflecting its low precipitation. Although there were no statistically significant differences in summer potential recharge among cropping systems in 2013 to 2016, there were observable differences that fell just short of statistical significance (F = 2.7217, p = 0.0702) in 2015, when precipitation and temperature conditions were close to the 100-yr average ( Table 2 ). The variability of summer potential recharge within cropping systems differed during the 2013 to 2016 experiments and coincided with the variability of soil texture within a cropping system. For example, in 2014 sweet corn and field corn had the highest coefficients of variation and silt contents of 31 and 18%, respectively. Likewise, in 2014 sweet corn and field corn also had the highest coefficients of variation in potential recharge of 213 and 134%. The same trend was present in 2015, where sweet corn and potato cropping systems had the highest coefficients of variation in silt content of 29 and 21% and also the highest coefficients of variation in potential recharge of 139 and 170%, respectively. Potato cropping systems had high variability in summer potential recharge in the absence of soil textural variability, demonstrated by the coefficient of variation in potential recharge of 487% in 2014 when the coefficient of variation in silt content was only 7%.
Fall Crop Water Budgets
Cumulative precipitation for the fall experiment (SeptemberNovember) was 150 ± 8, 165 ± 2, 247 ± 0, and 262 ± 5 mm for 2013, 2014, 2015, and 2016 (Table 3 ). In the 2014 fall experiment, pea-pearl millet had the highest AET of 144 ± 14 mm, followed by field corn, potato, and sweet corn, which had AET values of 135 ± 23, 134 ± 12, and 102 ± 46 mm, respectively (Table 3) . Although their ranking was reversed, field corn and pea-pearl millet again had the first and second highest fall AET of 224 ± 32 and 207 ± 33 mm, respectively, in 2015 (Table 3) . Unlike the fall of 2014, sweet corn had a larger AET value of 188 ± 39 mm in 2015 than the potato cropping systems, which had the lowest AET of 89 ± 71 mm (Table 3 ). In 2016, sweet corn had the largest AET value of 236 ± 9 mm, followed by field corn and potato, which had AET values of 221 ± 17 and 204 ± 41 mm, respectively.
There were statistically significant differences (F = 3.2506, p = 0.0263) in fall potential recharge values among 2013, 2014, 2015, and 2016, which were 30 ± 51, 49 ± 54, 96 ± 110, and 46 ± 30 mm, respectively. The year 2015 had significantly higher fall recharge than 2013, 2014, or 2016. There were statistically significant differences (F = 8.088, p = 0.0009) among cropping systems for the 2015 fall experiment, resulting from the high potential recharge observed for potato cropping systems. Potato cropping systems planted with oat cover crops potentially recharged 210 ± 129 mm or 85% of incoming precipitation in 2015, while field corn, pea-pearl millet, and sweet corn cropping systems had average potential recharge values of 23 ± 32, 40 ± 33, and 58 ± 39 mm, which accounted for only 9, 17, and 23%, respectively, of fall precipitation (Table 3) .
Cumulative Crop Water Budgets
Cumulative AET values were 535 ± 63, 531 ± 51, 536 ± 57, and 566 ± 45 mm for 2013, 2014, 2015, and 2016, respectively. Cumulative potential recharge averaged for 2013 to 2016 across all four cropping systems was 71 ± 235 mm. There were statistically significant differences (F = 4.1288, p = 0.0090) in cumulative potential recharge values averaged across all cropping systems among 2013, 2014, 2015, and 2016, which were −133 ± 111, 196 ± 333, 164 ± 311, and 55 ± 183 mm, respectively. There was both a dry summer and fall in 2013, which resulted in a cumulative potential groundwater loss that was statistically lower than that in 2014 and 2015, while 2014 had a wet summer and a drier fall, which resulted in an average of 36 ± 61% of incoming June to November precipitation potentially recharged by cropping systems. The high variability of potential recharge values in the field corn and sweet corn cropping systems also coincided with the high variability of soil texture in these systems for the cumulative 2014 experiment, as observed in the summer experiment (Table 4 ). There were statistically significant differences (F = 3.617, p = 0.0301) in potential recharge among cropping systems for the 2015 cumulative Table 3 . Fall water budgets for the crops investigated in this study, including soil texture, precipitation (P), irrigation (G), drainage (D), the ratio of drainage to total inputs I (P + G), evapotranspiration (ET), and net potential recharge (the difference between D and G).
Cropping system Lysimeters Sand, topsoil Silt, topsoil Table 4 . Cumulative water budgets for the crops investigated in this study, including soil texture, precipitation (P), irrigation (G), drainage (D), the ratio of drainage to total inputs I (P + G), evapotranspiration (ET), and net potential recharge (the difference between D and G).
Cropping system Lysimeters Sand, topsoil Silt, topsoil p. 14 of 22 experimental time period, where there was an average summer followed by a wet, hot fall. Field corn and pea-pearl millet cropping systems had cumulative potential groundwater losses of −58 ± 61 and −47 ± 59 mm, respectively (Table 4) . Conversely, potato and sweet corn had cumulative potential recharge values of 376 ± 406 and 199 ± 226 mm, which accounted for 69 ± 74 and 37 ± 42%, respectively, of precipitation. Although potential recharge was not as high from potato cropping systems in 2016 as it was in 2015, potato had the highest cumulative potential recharge of 114 ± 253 mm in 2016, followed by field corn and sweet corn, which potentially recharged 6 ± 30 and −8 ± 70 mm, respectively. the magnitude of precipitation was comparable for 2015 and 2016; however, there were fewer large precipitation events (>25 mm), which may explain the lower potential recharge and applied irrigation in 2016 compared with 2015.
Soil and Topographic Drivers of Potential Recharge
All of the topsoil in this study was classified as either sandy loam or loamy sand, while all of the subsoil fell into either loamy sand or sand USDA textural categories (Fig. 8) . However, there was only a weak, significant correlation (R 2 = 0.1888, F = 5.3520, p = 0.0300) between topsoil and subsoil texture, and we observed that relatively finer textured topsoil often overlaid relatively coarser textured subsoil. We found statistically significant relationships between potential recharge and soil texture during the summer experiments in 2014, 2015, and 2016. For simplicity, we present linear relationships in terms of silt content (%) as a proxy for all three soil textural categories in Fig.  9 and 10; however, statistical results for sand, silt, and clay are provided in the Supplemental Material. Silt and clay contents (%) had a significant positive correlation to summer potential recharge, while sand content (%) had a significant negative correlation to summer potential recharge for both soil depths in 2014 and topsoil in 2015 and 2016 ( Fig. 9 ; Supplemental Material). These correlations were not significant between soil texture and fall recharge in 2014 and 2015 but were significant between subsoil texture and fall recharge in 2013 and 2016 ( Fig.  10 ; Supplemental Material). We found no statistically significant relationships between organic matter content, elevation, and potential recharge.
Event-Based Analyses of Drainage and Soil Water Content
We further analyzed the relationship between topsoil texture (silt percentage), q i , q fc , and drainage during five major rain events in the summer of 2015. Although the rate and magnitude of precipitation, drainage, and q differed for each rain event (Fig. 11) , we found statistically significant relationships among topsoil texture, q i , q fc , and drainage across all five events (Fig. 12) . All significant q relationships occurred at a depth of 0.1 m (q i,0.1 or q fc,0.1 ). Despite observed differences in AET and phenology, there were no statistically significant differences in drainage, q i , or q fc among cropping systems for individual rain events. We found a statistically significant (p < 0.05) positive linear relationship between q i,0.1 and topsoil silt content, with R 2 values of 0.189, 0.482, 0.374, 0.291, and 0.402 for the 15 June, 6 July, 13 July, 7 August, and 18 August events. However, there were no significant correlations between q i,0.1 and drainage for any of these events. We also found statistically significant positive linear relationships (p < 0.01) between q fc,0.1 and topsoil silt content for all events except the 19-mm event that occurred on 15 June (Fig. 12) . Subsequently, there were also statistically significant (p < 0.05) positive correlations between q fc,0.1 and drainage for all events except the 38-mm event that occurred on 13 July. The statistically significant positive relationship (p < 0.05) between drainage and topsoil silt content was also present for the 15 June, 6 July, and 18 August events. The correlative relationships between q fc,0.1 , topsoil silt content, and drainage were the strongest during the largest rain event, which was the 58-mm event that occurred on 18 August. These relationships were the weakest during the 38-mm event on 13 July, where there were no significant explanatory variables for drainage. There were no statistically significant relationships between crop type and drainage for the five major rain events in 2015. Although cropping systems exhibited distinctive hydrological patterns, interannual climate variability was the most consistent driver of the differences in potential recharge observed in this study. Because irrigated crops transpire at maximum rates regardless of precipitation, dry summers such as 2013 have similar AET values as wet or average summers such as 2014 to 2016 in the WCS. During dry summers, groundwater withdrawals compensate for limited precipitation and expose locally sensitive surface waters to the dual stresses of increased pumping and reduced recharge (Mossbarger and Yost, 1989) . Because only 20% of September to November precipitation was potentially recharged to the aquifer, we speculate that any recharge losses at the end of dry growing seasons such as 2013 will probably not be recovered until the following spring snowmelt under cropping systems in the WCS. This study also demonstrates that for irrigated landscapes in the humid Great Lakes region, wet growing seasons such as 2014 may buffer impacts to locally sensitive surface waters via increased potential recharge, while growing seasons with average precipitation distributed as a few, large precipitation events such as 2015 facilitated the largest differences in potential recharge among cropping systems. If the four drought-free years of this study are considered representative of the long-term average, cumulative potential recharge remains positive from irrigated agroecosystems in the WCS. Consequently, groundwater levels will not decrease further than those predicted by a steady-state groundwater flow model with zero recharge. These findings suggest that groundwater depletion in irrigated humid and semi-humid regions is on a very different trajectory than irrigated arid regions such as the High Plains that experience net recharge losses nearly every growing season (Scanlon et al., 2012) . Although the potential recharge values observed in this Fig. 11. Precipitation (top) , soil moisture at 0.1 m (middle, q 0.1 ), and drainage (bottom) time series for five events between 10 June and 2 Sept. 2015 that represent 60% of the total summer precipitation. The operational definition of field capacity (fc) is indicated by the dashed line in the q 0.1 time series; q 0.1 and drainage are represented for all lysimeters, which are abbreviated by field (G, W, H, E, L, and P), number on the field (1-5), and cropping system: field corn (FC), pea-pearl millet (PPM), potato (POT), and sweet corn (SC).
study demonstrate that irrigated agriculture in the WCS may have severe consequences for lakes, streams, and wetlands relying on the top few meters of the aquifer, they also demonstrate that irrigated agriculture could continue functioning indefinitely in the WCS and similar humid regions in a stable, degraded state.
Groundwater depletion in irrigated humid regions like the WCS may also be localized and episodic (Kraft et al., 2012; Mubako et al., 2013; Yang et al., 2015) , meaning that certain surface waters near pumps or pumping clusters could show more depletion than a steady-state, regional solution would indicate in a given year, depending on the combination of nearby crop rotations and the magnitude and distribution of precipitation. From a sustainability perspective, ours and similar findings (Kraft et al., 2012) suggest that groundwater resources in the WCS should be managed based on regional or local valuation of aquatic ecosystem services rather than overall aquifer depletion. Localized water management strategies such as precision irrigation and inter-field crop rotation may be most effective during growing seasons such as 2015, when differences in potential recharge patterns among cropping systems will be most pronounced and subject to spatiotemporal intervention. The episodic nature of depletion in the WCS may also support groundwater banking or managed aquifer recharge strategies as regional steps to balance seasonal variations in groundwater supply and demand, while protecting the region against climate extremes and uncertainty (Arshad et al., 2014; Maliva, 2014; Scanlon et al., 2016) .
This is the first field study to evaluate potential recharge and AET under irrigated field corn cropping systems in the WCS. Irrigated field corn in this study had an average June to November AET of 581 mm, which is credible compared with 539 to 639 mm yr −1 measured with eddy covariance methods from rainfed field corn in southwestern Michigan, where the combination of greater evaporative demand and water limitations would favor comparable AET rates (Abraha et al., 2015) . June to November AET in this study was significantly less than the 699 to 709 mm yr −1 reported for irrigated field corn in Nebraska using eddy covariance methods (Suyker and Verma, 2008) , which is to be expected given the increased evaporative demand from aridity and removal of water limitations via irrigation. June to November AET values were 19 to 91 mm greater than previously modeled annual AET rates for irrigated field corn in the WCS (Weeks and Stangland, 1971; Naber, 2011) , and we suggest that the most probable reason for this discrepancy is that previous modeling attempts did not account for field corn residue as a fall cover and assumed bare soil following harvest. Using equilibrium tension lysimeters in a study 140 km south of the WCS on silt loam soils, Brye et al. (2000) found that no-till field corn systems covered in fall residue decreased drainage by an average of 112 mm yr −1 compared with chisel plow systems (Brye et al., 2000) . In this study, we suggest that the presence of residue created a surface soil moisture storage layer that may have intercepted, stored, and evaporated fall precipitation, therefore inhibiting fall recharge. Because we did not explicitly measure weekly changes in fall soil and residue moisture storage, we cannot distinguish whether fall precipitation was intercepted and stored by the residue until tillage the following spring or whether precipitation was intercepted and evaporated by the residue during the months of September to November. Although the residue effect was the most pronounced for field corn, it was also present in pea-pearl millet and sweet corn cropping systems, warranting future investigation.
Although they are varietals of the same species, sweet corn and field corn have different hydrological patterns in the WCS, where sweet corn comprised 18% of irrigated agricultural land use in 2015 (National Agricultural Statistics Service, 2016) . Sweet corn has a shorter growing season, receives less irrigation, and typically maintains a lower LAI than field corn. During three large rain events in July and August of 2015, very little water penetrated below field corn's root zone, while sweet corn systems had significant drainage, which also suggests differences in rooting depth between field and sweet corn that have been found in other studies (Sanford and Panuska, 2015; Weaver, 1926) . These are the first field estimates of AET and potential recharge from irrigated sweet corn in the US Midwest, and our average growing season AET estimate of 360 mm is, as expected, lower than estimates from warmer, more arid regions such as 436 mm in North Carolina (van Bavel, 1961) and 487 mm in California (Phene et al., 1991) .
Pea made up 4% of WCS irrigated crops in 2015 (National Agricultural Statistics Service, 2016) and exhibited low recharge in a wet summer and a net loss of groundwater in an average summer. These hydrological patterns probably occur because of high LAI and water demand. Water budgets in this study are the first field estimates of AET and potential recharge for irrigated pea in the US Midwest. The closest geographical pea AET rates measured were 170 to 420 mm under a variety of biophysical conditions across Alberta, Canada (McKenzie et al., 2004) . Our study had an average AET of 241 mm for pea, which falls near the median of previously measured values in Alberta. Using pearl millet as a biofumigant cover crop is still a novel practice for WCS, where snap bean, soybean, or winter wheat (Triticum aestivum L.) cover crops usually follow pea (Delahaut and Thiede, 1999) . Therefore, it is inappropriate to extrapolate August to November water budgets from this study to all pea cropping systems in the WCS region.
Potato made up 20% of the irrigated landscape in 2015 (National Agricultural Statistics Service, 2016) and exhibited higher variability in AET and recharge patterns than other cropping systems in this study. Potato fields differ from other cropping systems by containing hills and furrows, which increase the spatial variability of drainage, as observed here and in previous lysimetry studies (Gee et al., 2009; Herath et al., 2014) . Our summer 2016 AET value of 322 mm for irrigated potato can be compared with the summer 1972 AET values of 270 to 285 mm measured by Tanner and Gardner (1974) , who used large-scale weighing lysimeters to assess water-saving irrigation methods under somewhat similar conditions in the WCS. Although precipitation was nearly the same for both summers, 1972 had 1°C lower monthly temperatures and the water-saving irrigation methods exposed potato in the 1972 experiment to water stress in late June that was not present in 2016, which supports the higher AET values observed in this study (Tanner and Gardner, 1974) . Additionally, the Priestley-Taylor-derived crop coefficient for irrigated potato was 0.91 in this study, which is nearly the same as that which was previously observed in the WCS by Jury and Tanner (1975) using large-scale weighing lysimeters. Although we demonstrated here that potato production may pose a lower risk to groundwater quantity concerns than field corn or pea, we cannot dismiss a potential tradeoff between groundwater quantity and quality. Because the majority of potato roots proliferate in the top 0.25 m, precipitation events >25 mm carry applied N out of the root zone and into the aquifer (Saffigna et al., 1976) , which has led to NO 3 -N levels two to four times greater than the US maximum contaminant level (MCL) standard for drinking water of 10 mg L −1 in the WCS (Stites and Kraft, 2001) . Future work must continue to investigate cost-effective solutions such as surfactants (Cooley et al., 2009; Arriaga et al., 2009) for keeping N in the root zone while maintaining high levels of recharge from potato in the WCS.
Soil Texture: A Significant Driver of Potential Recharge
In this study, soil texture was a significant driver of recharge during the fall of 2013 and 2016 and the summers of 2014 to 2016. In sandy loams and loamy sands located within a 2-km radius of one another, finer textured soils increased drainage and potential recharge at the field scale. Additionally, positive correlative relationships existed between finer topsoil texture, q fc,0.1 , and drainage for five large rain events in 2015. If we consider only the textbook differences in hydraulic conductivity associated with soil texture (Campbell and Norman, 1998) , this is a counterintuitive finding. However, because irrigated, sandy agroecosystems are maintained at or near field capacity, hydraulic conductivity should not be limiting to drainage through relatively siltier soils. Moreover, when understanding the spatial variability of drainage, preferential flow is the rule rather than the exception (Flury et al., 1994) . Preferential flow in this experiment may have been caused by macropore formation (Hendrickx and Flury, 2001; Jarvis, 2007) , hydrophobicity (Doerr et al., 2000) , or a combination of these processes. Relatively finer textured soil could have facilitated macropore formation via cracks (Beven and Germann, 1982) , which we occasionally observed at the soil surface in these locations. Large rain events increase preferential flow (Jarvis, 2007) , and the strength of the positive correlations between topsoil texture, q fc,0.1 , and drainage for the 58-mm rain event in 2015 supports a macropore hypothesis (Perillo et al., 1999) . We also observed statistically significant positive correlations between q i,0.1 and topsoil texture for all five large precipitation events in 2015. Because soils in the WCS are maintained near field capacity, higher antecedent soil moisture in relatively siltier soils may also pose an explanation for the observed relationship between topsoil texture and drainage either in conjunction with or in the absence of macropore flow. The lack of correlation between q i,0.1 and event-based drainage is inconsistent with both the antecedent soil moisture and macropore hypotheses; however, macropore flow has been documented across a variety of soil types in the absence of this relationship (Flury et al., 1994) .
The relationships between soil texture and recharge observed in this study could also be indicative of soil hydrophobicity in relatively sandier parts of the field. Soil hydrophobicity occurs when aromatic plant materials complex with soil mineral particles to form a transient, repellent layer on the topsoil and has been previously demonstrated in the WCS (Cooley et al., 2007) . Hydrophobicity is positively correlated to sand content, and sandy soils can wet up and return to a water-repellent state on drying during the growing season (Doerr et al., 2000) . Hydrophobic soils have a higher water-entry potential than their hydrophilic counterparts (Bauters et al., 2000) , and this could explain why a higher silt content was positively correlated to potential recharge in this study. Lysimeters with higher silt content may have had lower water-entry potentials than their sandier counterparts, which consequently increased infiltration and drainage during precipitation events. Further, targeted field and modeling experiments in the absence of confounding crop effects will be required to isolate mechanisms and understand the correlative relationships observed in this study.
Crop Phenology: An Inconsistent Predictor of Point-based Drainage
Prior to this study, there have been three large, replicated passive capillary lysimetry studies in cropping systems where "collection efficiency" was assessed as the ratio of measured to modeled drainage using canopy-scale estimates of AET to predict point-based drainage (Brandi-Dohrn et al., 1996; Louie et al., 2000; Gee et al., 2009) . In these previous studies, measured, point-based drainage was highly variable, with collection efficiencies ranging from 25 to 300%, and the researchers identified intrafield variability in AET, infiltration, and runoff as possible sources of error (Brandi-Dohrn et al., 1996; Louie et al., 2000; Gee et al., 2009) . This is the first large, replicated lysimetry study to quantify subtle differences in soil texture as an underlying explanation for intrinsic variability in drainage across short distances. For this reason, we contend that semi-empirical AET estimates generated for the canopy scale may be misleading when used to predict and evaluate point-based measurements of drainage made using passive capillary lysimeters.
In the same manner, caution must be exercised when attempting to use point-based measurements of AET to predict and evaluate AET at the canopy scale (Allen et al., 2011) . Small-area lysimeters such as those used in this study do not necessarily capture the canopy-level effects of LAI from their surroundings (Dugas and Bland, 1989) . Crop coefficients represent canopy-level changes in plant phenology and are correlated to LAI (Ding et al., 2013; Allen et al., 1998) . The lack of correlation between canopy level estimates of LAI and crop coefficients derived from point-based AET estimates in this study demonstrates the limitations of small-scale lysimetry. To develop a comprehensive framework for crop water management at the regional scale in the WCS, it is imperative that small-scale lysimetry be combined with larger scale methods for estimating AET such as eddy covariance, aerial remote sensing, and crop simulation modeling (Allen et al., 2011; Evett et al., 2016) .
Finer textured soils were positively correlated to increased consumptive groundwater use in this study, which has critical implications for precision irrigation and nutrient management in the WCS. Precision agricultural models predict AET, storage, and drainage at subfield scales based on an assumption of uniform rather than preferential flow (Moiling et al., 2005; Nelson et al., 2013; Plauborg et al., 2015) . Because precision irrigation operates at the subfield scale where preferential flow processes dominate, realistic assessments of groundwater and nutrient savings may require subfield-based validation of AET, storage, and drainage using lysimetry or other methods. For recharge estimates required at areal scales, accounting for preferential flow processes based on macropores and soil repellency becomes impractical, and models of groundwater recharge using validated estimates of crop AET are still the preferred method (Hendrickx and Flury, 2001 ). However, with increasing computational power, recharge estimates are now possible at an intermediary scale between 30 and 100 m, where it is possible and often desirable to address site-specific water management goals with hydrological models (Allen et al., 2005; Githui et al., 2012) . Future work is required to clarify whether representation of preferential flow processes is important and feasible for these intermediate scales.
More than 14% of the WCS landscape is currently irrigated cropland, and land use conversion to irrigated agriculture continues to grow throughout the Northern Great Lakes region (Smail, 2016) . We have demonstrated that interannual climate variability, cropping system, and soil texture all drive groundwater recharge to varying degrees in the WCS. In a relatively average growing season, irrigated sweet corn and potato rotations recharged the underlying aquifer, while irrigated field corn and pea-pearl millet rotations depleted groundwater. Removing field or sweet corn residue after harvest to increase recharge may not be a viable option for the WCS because the soils are prone to erosion and cover crop establishment may be difficult in mid-October, when field corn is typically harvested. In the case of pea, if water quantity is a greater concern than biofumigation, it may be possible to replace pearl millet with a cover crop that uses less water. Although potato cropping systems recharged the aquifer in an average year, the potential for a reduction in groundwater quality cannot be ignored in water management planning. Because of crop rotations and differences in precipitation, the impact of WCS irrigated agriculture on freshwater resources will be different each year. Understanding cumulative impacts within this hydrological patchwork will require explicit prediction and representation of crop rotations in process-based models. The WCS and regions like it would greatly benefit from interdisciplinary research to better understand and predict drivers of crop rotations, such as markets, pest and disease management, and climate.
The potential preferential flow patterns observed in this study were at a scale that is important for precision agricultural applications but may not be important for the regional scale at which communities manage water. Replicated passive capillary lysimetry paired with soil moisture sensors was a useful method for characterizing the spatiotemporal variability of water budgets and statistically assessing differences among cropping systems. One possible limitation to water budgets quantified in sandy soils using passive capillary lysimetry may be the tendency to overestimate drainage. As the surrounding soil drains between 0 to −11 kPa, flux convergence could be occurring toward the lysimeter. Because managing water resources in the WCS requires a high level of certainty, it would be prudent to compare the water budgets presented here with other methods in the future, such as equilibrium tension lysimetry, aerial remote sensing, or eddy covariance.
Supplemental Material
Supplemental materials include information regarding the theory, installation, and calibration of passive capillary lysimeters (supplemental text, Supplemental Table S1 ), detailed statistical information about results (Supplemental Tables S2-S3) , and observations justifying the assumptions used for estimating water budgets (Supplemental Fig. S1-S2 ).
